Abstract: Mammals lack robust regenerative abilities. Lost cells in impaired tissue could potentially be compensated by converting nearby cells in situ through in vivo reprogramming.
Small molecule-induced reprogramming is a spatiotemporally flexible and non-integrative strategy for altering cell fate, which is, in principle, favorable for the in vivo reprogramming in organs with poor regenerative abilities, such as the brain. Here, we demonstrate that in the adult mouse brain, small molecules can reprogram resident astrocytes into functional neurons. The in situ chemically induced neurons (CiNs) resemble endogenous neurons in terms of neuron-specific marker expression and electrophysiological properties. Importantly, these CiNs can integrate into the mouse brain. Our study, for the first time, demonstrates in vivo chemical reprogramming in the adult brain, which could be a novel path for generating desired cells in situ for regenerative medicine.
Main Text:
The fate of committed cells can be reprogrammed by cellular, genetic and chemical approaches, which offers the possibility of generating desired cells by cell fate conversion (1) (2) (3) (4) (5) . Remarkably, advances in chemical approaches have revealed that somatic cells can be reprogrammed into pluripotent stem cells completely by small molecules (5) , and importantly, chemical reprograming is capable of inducing direct lineage conversion between differentiated cell types (6) (7) (8) (9) (10) . Small molecules are easily manipulated and flexibly combined to reprogram cell identities at both the temporal and spatial levels to generate functional cells (11, 12) . Furthermore, chemical approaches are cell permeable, reversible and non-integrative to the genome, which is favorable for in vivo reprogramming. Chemically induced in vivo reprogramming could, in principle, produce functional cells by converting nearby cells in situ to compensate for the cellular loss in damaged organs with limited regenerative capability, such as those of the central nervous systems (CNS). The mammalian brain does not readily repair damage because the loss of non-proliferative neurons is irreversible, and neural stem cells can only give rise to neurons in few brain regions.
However, upon brain injury, neighboring astrocytes can become proliferative and serve as an abundant resource for reprogramming (13) . For these reasons, our study aims to chemically reprogram local astrocytes in the adult brain, which could potentially regenerate compensatory neurons in situ.
Our previous chemically defined cocktail FICB (Forskolin, ISX9, CHIR99021 and I-BET151) could reprogram fibroblasts into neuron-like cells in vitro (7) . We therefore tested this cocktail on astrocytes carrying neuron-specific TauEGFP reporter for neuronal induction (14) (fig. S1 ). During this reprogramming process, at 2 wpi, the tdTOMATO + cells were immunopositive for the immature neuronal maker DCX and showed a mixed astrocyte-to-neuron morphology ( At 8 wpi, the tdTOMATO + cells also expressed other neuronal-specific markers including TUJ1
and NF-H (Fig. 2C) . Interestingly, tdTOMATO + cells co-expressing the neuronal subtype marker GAD67 were also detected, suggesting that the small molecules could induce inhibitory CiNs from astrocytes in vivo (Fig. 2C ).
To systemically quantify CiNs distribution, we analyzed 5 brain slices per mouse throughout the rostral-caudal extent on either side of the cannula at 8 wpi, which was considered the main distribution region of the small molecules (Fig. 2E) . Scattered CiNs were distributed locally throughout the outer layer of the injection site, suggesting a restrained effective area of small molecules in the brain (Fig. 2B) did not induce astrocyte-to-neuron cell fate conversion in situ (Fig. 2E) . Furthermore, we observed tdTOMATO + /NEUN + CiNs one year-post-injection, suggesting its long-term survival capacity (Fig. 2C) . Notably, no solid brain tumors were observed in any of the tested mice.
Next, we tested whether the in situ-generated CiNs displayed electrophysiological functions. We performed dynamic analyses of brain slice recordings on tdTOMATO + cells in the striatum with neuronal morphology around the injection site (Fig. 3A) . Initially, at 0 wpi we randomly patched astrocytes on brain slices of reporter mice and found not competent for generating AP (Fig. 3C ).
Interestingly at 4 wpi, we observed membrane depolarization subjected to input current but still unable to generate AP, suggesting a transient state during the conversion toward neuronal electrophysiological property (Fig. 3B) . AP of CiNs appeared as early as 6 wpi, followed by continuous APs at 8 wpi with a resting membrane potential of -74.5 ± 2.6 mV, an amplitude of 102.2 ± 3.5 mV and a threshold of -41.7 ± 5.3 mV ( Fig. 3C ; Table S2 ; n = 14). The percentage of CiNs which could fire more than two spikes increased along time (Fig. 3D) . From 4 to 12 wpi, we observed the gradual maturation of membrane-intrinsic properties, as indicated by increased membrane capacitance (Cm) and a decrease in input resistance and AP threshold, which suggested that the CiNs resembled endogenous neurons over time ( Fig. 3E ; Table S2, 3 ). In addition, fast, inactivating inward currents were recorded in the CiNs at 8 wpi, which corresponds with the opening of voltage-dependent Na + channels ( Fig. 3F ; n = 3). We further detected spontaneous excitatory post-synaptic currents (EPSCs) in the CiNs by blocking the inhibitory inputs, which was subsequently blocked by 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 2-amino-5-phospho-novaleric acid (AP5), resulting in the complete disappearance of EPSCs ( Fig. 3G ; n = 3).
Collectively, these results indicated that in the mouse brain, CiNs acquired electrophysiological functions and formed synaptic connections.
Because the integration of compensatory neurons into the host neural circuitry is crucial for functional rescue (17), we further examined the connectivity of CiNs by a retrograde transsynaptic tracing system (18) . We used a pseudotyped rabies virus (PRV) that specifically infected neurons expressing avian tumor virus receptor A (TVA). Subsequently, PRV assembled into infectious particles to cross one synapse where the rabies virus glycoprotein (RVG) was present. To achieve (F) The three-dimensional reconstruction of (E upper). The arrowhead and asterisk point to the same cells in (E upper).
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